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[57] ABSTRACT 

The specification discloses a charge transfer imaging 
device (10) having a charge removal gate (26). Pulses 
(30) of sufficient amplitude and frequency are applied to 
gate (26) in order to remove charge from device (10) by 
electron-hole recombination through interface traps of 
electrons and holes. Pulses of one amplitude reduce 
blooming of the device when used as an imager, while 
pulses of a second amplitude may be used to produce 
imager aperture control and gamma correction. Fur- 
ther, the charge removal technique may be used to 
control charge injection device (96) operation. 

9 Claims, 28 Drawing Figures 
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METHOD AND APPARATUS FOR USING 
SURFACE TRAP RECOMBINATION IN SOLID 
STATE IMAGING DEVICES 

5 

TECHNICAL FIELD OF THE INVENTION 
This invention relates to semiconductor devices and 
more particularly relates to techniques for using surface 
trap recombination to provide charge reduction in so- 
lid-state imaging devices. 

BACKGROUND OF THE INVENTION 

Solid state imaging devices have become valuable 
tools in many optical sensing systems. Charge coupled 
devices (CCD), charge injection devices (CID) and 
charge transfer devices (CTD) all have been advanta- 
geously used in optical sensing arrays. However, prior 
solid state imaging devices have been plagued by 
blooming and have generally not provided adequate 
electronic aperture control or gamma control when 
used with video camera systems. Moreover, difficulties 
have arisen when resetting CIDs when used as imagers. 

Blooming is an unpleasant phenomenon which has 
long plagued designers and manufacturers of solid-state 
imaging devices. Blooming is defmed as a signal cluu'ge 25 
overflow from brightly illuminated cells in an optical 
array into neighboring cells which are not as highly 
illuminated, and therefore results in false signal levels in 
those cells. When a video signal from a solid-state 
imager is displayed on a monitor, blooming will cause 30 
distortion of the image, and in the case of large over- 
flow, a complete saturation of the picture. Blooming 
viewed on a monitor can take many fomns, depending 
on the particular device structure and technology used 
to fabricate the imaging device. In buried-channel CCD 35 
technology, for example, blooming is particularly per- 
sistent, and takes the form of streaks or charge spread- 
ing, particularly along the channels of charge transfer. 

A number of techniques have heretofore been de- 
vised to minimize or eliminate the blooming phenome- 40 
non in buried-channel devices. A typical approach has 
been to incorporate an overflow drain next to each 
charge collecting clement and drain the overflow 
charge out in a lateral direction. This approach, even 
though effective in removing charge overload, con- 45 
sumes focal plane area and has been difficult to fabri- 
cate. 

Another method of anti-blooming utilizes a buried 
drain which is located beneath the charge storing ele- 
ments. In this architecture, the overflow charge is 50 
drained from the imaging cell in the vertical direction. 
This method results in a low quantum efficiency in the 
longer wavelength spectral region, siiice the majority of 
the signal charge resulting from such light is generated 
beneath the buried drain and is thus lost from collection 55 
by the charge storage elements. 

There have also been previous proposals using vari- 
ous carrier recombination schemes for elimination of 
undesirable signals. These have been based on recombi- 
nation in the bulk on oxide precipitates. However, these 60 
techniques have created complications in device pro- 
cessing, as well as difficulties with effective implemen- 
tation for area sensor blooming protection. 

A technique for preventing blooming has been pro- 
posed which applies alternating voltage to a gate adja- 65 
cent to the charge storage region of a charge transfer 
device to put the surface of the semiconductor substrate 
into an accumulation or depletion state. Electrons 
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trapped at the surface states are recombined with major- 
ity carriers in the accumulation state and therefore ex- 
cess signal charges are trapped at the surface states 
vacant by the previous recombination, thus resulting in 
the removal of excess charges. This technique is de- 
scribed in U.S. Pat. No. 4,328,432 by Yamazaki, issued 
May 4, 1982. However, this technique has not been 
useful on all types of solid state imaging devices and has 
not been heretofore useful in providing improved aper- 
ture and gamma control, or in resetting CID imagers. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, surface 
trap recombination is used to prevent blooming, to 
provide shutter and gamma control, and to provide 
improved charge extraction. In one aspect of the inven- 
tion, a charge transfer device includes a semiconductor 
substrate of one conductivity type and structure to 
effect charge transfer along a channel. An insulating 
layer is provided on the substrate over the channel. A 
conductive layer is disposed over the insulating layer to 
receive charge transfer clocking pulses, A charge con- 
trol gate is disposed adjacent the conductive layer for 
receiving clocking pulses in order to remove charge 
through electron-hole recombination. This charge re- 
moval may be utilized for imaging aperture control, 
gamma control or to provide anti-blooming. 

In accordance with another aspect of the invention, a 
charge transfer imaging device is provided with charge 
control properties and includes a semiconductor sub- 
strate of one conductivity type, including a channel for 
charge transfer. An insulating layer is formed on the 
substrate over the channel. A plurality of spaced apart 
conductive electrodes cover the insulating layer over 
the channel. The channel is divided into a clock phase 
and a virtual phase between each adjacent electrode. 
Each of the phases includes a storage and a transfer 
region. Each of the clock phase and the virtual phase 
includes a cell of two regions having different impurity 
profiles. A charge control gate electrode is disposed 
between adjacent electrodes for receiving charge con- 
trol clocking pulses to remove charge from the device 
by electron-hole recombination through interface trap- 
ping of electrons and holes. The present charge transfer 
imaging device may be used as an effective aperture 
control of the imaging device, or to provide an effective 
gamma ratio different than unity for the device. Alter- 
natively, the imager may be used to provide anti-bloom- 
ing control. 

In accordance with yet another aspect of the device, 
a charge injection device used as an imager for sensing 
illumination includes a semiconductor substrate. An 
insulating layer is formed on the substrate and a conduc- 
tive sense electrode is formed on the insulating layer. A 
conductive address electrode is formed adjacent the 
sense electrode. Circuitry is coupled to the sense elec- 
trode for resetting the sense electrode and for sensing 
the level of charge stored in the substrate adjacent the 
sense electrode as a result of illumination. The address 
electrode is operable to receive pulses of an amplitude 
sufficient to reduce the charge stored in the potential 
well adjacent to the sense electrode by electron-hole 
recombination via interface traps of electrons and holes. 
In accordance with one aspect of the invention, the 
pulses may be of an amplitude and frequency sufficient 
only to reduce excess charge to reduce blooming. In 
another aspect of the invention, the frequency and am- 
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plitude of the pulses may be sufficient lo substantially FIG. 17 is an enlarged sectional view of a three-phase 

destroy all charge to ready the device for the next sens- charge transfer device incorporating the present anti- 

ing cycle. blooming invention; and 

FIG. 18 is an enlarged sectional view of a charge 

BRIEF DESCRIPTION OF THE DRAWINGS 5 i„j,^,i„„ ^^^^^ „,i,i/„g ^^c present charge removal 

For a more complete understanding of the present technique to provide CID readout and to effect anti- 
invention and the advantages thereof, reference is now blooming control. 

made to the following description Uken in conjunction DETAILED DESCRIPTION OF THE 

with the accompanymg Drawmgs in which: INVEOTION 

FIG. 1 is an enlarged sectional view of a charge trans- 10 

fer device incorporating the present invention; Referring to FIG. 1, a charge transfer device known 

FIG. 2fl is a potential diagram illustrating the opera- as a virtual phase CCD (VP CCD) 10 is illustrated 

tion of the device shown in FIG. la in the integration which incorporates the present invention when used to 

mode; provide anti-blooming. The VP CCD 10 incorporates 

FIG. 2^> is a potential diagram illustrating the opera- single level gate electrodes 12 and 14. Gate electrodes 

tion of a device shown in FIG. 1 in the fast shift mode; 12 and 14 are interconnected by leads 16 which receive 

FIG, 3 is a block diagram of test apparatus illustrating a clocking signal Vcl. The VP CCD 10 is illustrated as 

the operation of a CCD incorporating the present in- a cross-section along the charge transfer channel. As is 

vention; known, transfer directionality of the device is achieved 

FIGS. 4A-C illustrate clocking voltages applied to by placing suitable implants under various portions of 

the test structure illustrated in FIG. 3; the electrodes, as indicated by the **-f " signs in FIG. 1. 

FIG. 5A illustrates an enlarged cross-sectional view These implants produce permanent potential barriers 

of a prior art MOS device; and wells which are raised and lowered by application 

FIG, 5B illustrates a band diagram for the structure of the appropriate voltages on the overlying gates or 

shown in 5A illustrating electron trapping in interface electrodes 12 and 14 to provide unidirectional charge 

traps; transfer. The gates 12 and 14 are formed on an oxide 

FIG. 6A illustrates an enlarged cross-sectional view layer 18 and P-h type virtual gates 20 and 22 are formed 

of a prior art MOS device; into the p-type silicon surface 24. 

FIG. 6B is a band diagram illustrating trapping of A charge reduction gate 26 is formed from the same 

holes at the interface in order to provide recombination material as gate electrodes 12 and 14 and is disposed 

with the trapped electrons; between the electrodes 12 and 14 on the oxide 18. Lead 

FIGS. 7A and 7B are band diagrams of a typical 28 extends from the electrode 26 to receive a gating 

buried-channel charge coupled device structure ill us- voltage. As will be subsequently described, the applica- 
trating trapping of electrons and holes at interface traps; 35 tion of suitable charge reduction gating pulses to lead 28 

FIG. 8 is a graph illustrating the dependency of sur- during operation of the VP CCD will essentially elimi- 

face potential energy and minimum potential energy on nate blooming and can also effect shutter and gamma 

gate bias of the structure shown in FIG. 1; control. 

FIG. 9 is a band pass diagram further illustrating the It will be understood that the areas between each of 
dependency of surface potential energy and minimum 40 the gates 12 and 14 are divided into a clocked phase and 

-potential energy on gate bias for the structure shown in a virtual phase region. Each of the clocked and virtual 

TIG. 1; phase areas includes a storage and a transfer region. 

FIG. 10 is a graph illustrating the rate of charge re- Each clocked phase and virtual phase region comprises 
combination expressed as a number of blooming pixels a cell of two regions, or a total of four regions for the 
removed by a corresponding number of anti-blooming 45 one cell, having different impurity profiles, as is de- 
gate pulses per integration period; scribed in detail in U.S. Pat. No. 4,229,752 entitled "Vir- 

FIG. 11 is a graph illustrating transition delay depen- tual Phase Charge Transfer Device", issued Oct. 21, 

dency of trapped electrons and holes using the present 1980, by the present applicant. The charge reduction 

invention; gate electrode 26 is disposed between the third and the 

FIG, 12 is an enlarged partial sectional view of the 50 fourth regions, 

structure shown in FIG. 1 illustrating the hot-hole im- The construction and operation of VP CCDs are 

pact ionization effect causing increase in a dark level well-known and are described, for example, in U.S. Pat. 

signal; No. 4,229,752 noted above and in the publication "Vir- 

FIG. 13 is a graph of the dark level signal of the tual Phase Technology: A New Approach to Fabrica- 
dcvice shown in FIG. 1 as a result of positive excursion 55 tion of Large-Area CCD's" by applicant, published in 

of anti-blooming gate pulses for two different numbers IEEE Transactions on Electronic Devices, Volume ED- 

of pulses per integration periods; 28, No. 5, May, 1981. The construction and operation of 

FIG. 14 is a graph of charge removal from the device the VP CCD shown in FIG. 1 is generally described in 

shown in FIG. 1 as a function of the maximum excur- the above-noted publications. Electrodes 12, 14 and 26 
sion of anti-blooming pulses using two different fre- 60 may be constructed, for example, of doped polysilicon 

quencies of anti-blooining pulses; or the like. Oxide layer 18 may be formed by oxidation 

FIGS. 15A-D illustrate various clocking signals ap- of the mono-crystalline silicon wafer forming the p-type 

plied to an array of devices of the type shown in FIG. layer 24. The gates 20 and 22 arc formed by suitable 

1 when used in conjunction with a typical video system acceptor impurities such as boron, gallium, or indium. It 
to prevent anti-blooming effects; 65 will, of course, be understood that there are other types 

FIGS. 16A-B comprise clocking signals applied to an of materials and fabrication techniques which may be 

array of devices of the type shown in FIG. 1 when used used to form the illustrated VP CCDs and the other 

to effect shutter control and gamma control; solid state devices disclosed herein. 
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The present invention may be used with all types of 
charge transfer devices, including buried-channel^ sur- 
face channel, and virtual phase CCD devices, as well as 
CID and CTD devices. The term "charge transfer de- 
vice" will hereinafter be utilized to include all of the 
above-noted device types. 

In an actual operational imaging device, an imager 
with a plurality of horizontal lines and vertical pixels 
per line would be utilized. For example, an imager 
could be provided with 490 horizontal lines and 581 
vertical pixels per line. The imaging section formed 
from such pixels would have 245 lines, while the mem- 
ory section would also have 245 lines. Only the imaging 
section would incorporate the anti-blooming gate 26 in 
each of the 245 lines. The construction of the present 
device does not require any process changes from the 
fabrication of similar devices, and, therefore, enjoys 
similar high yield attributes available with conventional 
virtual phase technology. The only additional complex- 
ity in this design as compared to devices without bloom- 
ing protection is a metal interconnect crossover of the 
clock and the anti-blooming gate buses. The remainder 
of the imaging device described above is conventional, 
with a serial register and output amplifier below the 
memory section in the common manner, which is not 25 
herein shown for simplicity of illustration. 

The operation of the imager can be understood from 
FIGS. 2A and 2B. There are two basic modes of clock- 
ing. First, the integration mode shown in the device 



10 



15 



20 



potential profile of FIG. 2A, where the clocked phase 30 were effectively used. 



clock signal applied to the gate 26 via lead 28 in FIG. 1 
is denoted as Vj^and is clocked between a high potential 
of Vabb and a low potential VaM- The surface pinning 
bias is designated as which is the level at which 
holes can flow to the oxide-silicon interface. The volt- 
age applied to the gate electrode 26 during the shift 
mode is at a dc level. FIG. 4C illustrates the output of 
the laser during the integration and shift periods. 

Experiments were run using the arrangement shown 
in FIG. 3 with various images. When the CCD device 
36 was operated with charge reduction pulses shown in 
FIG. 4, wherein Vji/was biased above the surface pin- 
ning potential V^, a substantial blooming occurred on 
the detected image when the laser beam intensity was 
much higher than normal exposure levels. However, 
when the level of the charge reduction gate pulse was 
extended to below the surface pinning bias V;,, essen- 
tially no blooming occurred, as the overfiow charge 
was removed. This experiment illustrates the impor- 
tance of the operation of holes in the recombination 
process of the present invention, as will be subsequently 
described in greater detail. The frequency of the clock- 
ing applied to the charge reduction electrode can be 
varied in dependence on a ntunber of factors, including 
the size of the charge reduction gate, the overall size 
and dimensions of the CCD device, and desired opera- 
tional parameters. However, in the experiment of the 
arrangement shown in FIGURE 3, charge reduction 
frequencies of 1225 to 4900 pulses per integration period 



Vcl (FIG, 1) is held at an intermediate dc potential and 
the gate electrode 26 is pulsed between two voltage 
levels at 30 in order to remove overflow charge. The 
second mode of operation is the fast shift mode shown 
in the device potential profile of FIG. 2B, where the 35 
gate electrode 26 is held at 32 at a dc potential and the 
clocked gate Vcl is pulsed between two voltage levels 
at 34 to facilitate a quick charge transfer into the mem- 
ory section. The charge overflow control is active dur- 
ing the integration mode only, and the performance of 40 
the charge reduction structure is determined by the gate 
clock frequency and the maximum excursion of the gate 
pulse. If it is required that the charge reduction gate 
must also be active during the fast shift, it is possible to 
clock it with the same frequency as the clocked gate, 45 
but with the opposite phase. This will not impair the 
charge transfer and it may simplify operation in some 
applications. After completion of the fast shift, the gate 
frequency can resume its integration period value. 

FIG. 3 illustrates a testing setup to evaluate the 50 
charge reduction capabilities of the above-described 
anti-blooming structure. The 490X581 imager described 
above is indicated by nimieral 36. A laser 38 projects a 
high intensity test beam through a shutter 40 and an 
attenuator 42. The test beam is reflected through a beam 55 
splitter 44 and through a lens 46 to the present CCD 
device 36. A resolution target 48 which is back illumi- 
nated is also projected through the beam splitter 44 on 
the device 36. The laser beam is shuttered off by the 
attenuator 42 during the fast shift of the data into the 60 
memory section to prevent picture smearing. The CCD 
device 36 was clocked using the signal shown in FIGS. 
4A-C. 

The clock of FIG. 4A is applied to lead 16 of the 
device shown in FIG. 1, and it may be seen that clock 65 
Vcl is maintained at a dc level during the integration 
portion of the operation and is pulsed between two 
levels during the shift operation of the device. The 



In order to fully understand the operation of the 
present charge reduction technique, basic physical prin- 
ciples utilized in electron-hole recombination will now 
be described. There is a well-known technique used for 
characterization_oJfLMOS_^ 
^Harge^umpingrTechniqueiyescrib 
£/ccfi^«/cr,-voW9rppr-241-247-i976 by^^^ 
This technique is illustrated in its basic form in RG- 
URES 5A-B and 6A-B. In a standard n-channel MOS 
transistor illustrated by 50 in FIGURE 5A, electrons fill 
the channel between the source and drain as soon as the 
gate voltage is larger than the threshold voltage, which 
is determined by the source to substrate bias, gate oxide 
thickness, substrate doping concentration and the like. 
Some of these electrons will be trapped in interface 
traps, as is illustrated on the associated band diagram 
FIGURE 5B for FIGURE 5A. If the gate voltage is 
now switched rapidly to some appropriate negative 
level as shown in FIGURE 6A, the electrons from the 
channel will flow back to the source and drain, and 
holes from the substrate will be attracted to the inter- 
face. The electrons previously trapped at the interface 
will not be able to escape immediately, and will create 
a population of filled electron traps at the same time as 
the larger population of holes builds up in the valence 
band. This phenomenon is illustrated by the band dia* 
gram of FIGURE 6B. Thb leads to an enhanced proba- 
bility for direct recombination, and the trapped elec- 
trons will now quickly rccombine with holes. 

Of course, holes can also be trapped at the interface in 
corresponding hole traps, and will then recombine with 
electrons after the gate is switched back to its positive 
level. As this double action is repeated, it causes a net 
current flow from the source and drain regions into the 
substrate. The magnitude of this current will depend on 
the frequency of the transitions, density of electron and 
hole interface traps, and the carrier emission time con- 
stants. With the assumption that the trap distribution in 
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energy consists of a continuum of mutually noninteract- 
ing levels, the following equation for the trapped elec- 
tron density as function of the time and energy can be 
written. 



T(£,^)=(i^o-^r)- ' ♦ exp (En'/ki), 



(I) 



(2) 



wherein: 

Tie (Eif,t)= Density of filled electron traps per eV as a 
function of energy and time (cm-2 eV-*) 

Tico (£/(.)= Density of filled electron traps per eV at 
time t=0 (cm-^eV-O 

t=time 

T(E/e)=Trap emission time constant as a function of 
trap energy level of electrons measured from a 
corresponding band (eV) 

v= Electron thermal velocity (cm*s-*) 

Nc= Density of states in a conduction band (cm-^) 

kT=ThermaI energy (eV) 

o-e= Electron capture cross section (cm^) 
The total number of electrons remaining trapped after 
time t, termed N/e(t), will then be obtained by integra- 
tion over all possible energy states within the energy 
band gap: 



10 



15 



20 



-r 



(3) 



30 



The total current, considering also a similar expression 
for holes, will be: 



(4) 35 



wherein: 

fg=Gate clocking frequency (s-0> 

q=: Electron charge (coulomb), 

Aj= Charge reduction gate area (cm^), 

Nrt(t) or N/A(t)= Density of filled electron or hole 
traps as a function of time (cm -2). 

It is assumed that a certain time t=te and t=tA is 
necessary to accomplish the transition from the positive 
level to the negative level and vice versa. It is also 
assumed that the recombination occurs within times 
negligible compared to t,- and t^. The recombination 
will cause emission of a phonon as the most likely candi- 
date; however, if the probability of photon emission is 
not zero, the resulting photon will be of sufficiently low 
energy that a reabsorption in the silicon, and thus gener- 
ation of hew electron-hole pair, will not occur. 

In the charge pumping operationde^nbed|a^^v? 
the surface trap recoDobinationan^cSani^ 
e]ectron^up^ied|^rQ^ drain regions. 

SlixsA^^^ lSlSSSSSm to the elimination of electrons 
JymSiare generated optically by imaging devices. 
Eliminated electrons can also be generated by other 
means, for example X-ray or gamma rays incident on 
the CCD devices. 

A typical energy band diagram for a buried-channel 
device structure is shown in FIG. 7A, wherein: 

Vg =gate bias 

V sub = substrate bias, 

E/A or E;c=Trap energy level of holes or electrons 

measured from a corresponding band (eV) 
Xojc= oxide thickness, 



X/„ = Distance of potential energy minimum from the 

interface (cm), and 
Xf/= Depletion width. 

In FIG. 7 A, it can be observed that electrons are 
positioned away from the interface in the vicinity of the 
location of the channel potential energy minimum Xm. 
This is the main feature which allows utilization of the 
buried-channel structure to prevent charge trapping at 
the interface and loss of charge transfer efHciency. It is 
well known that for a given gate bias, there is a corre- 
sponding charge level in the channel at which the elec- 
tron quasi-Fermi level is just slightly below the inter- 
face energy level, near flat band condition. If the gate 
bias is now increased from this initial condition, charge 
will come into contact with the interface, as shown in 
the band diagram in FIG. 7B, and electrons will fill the 
interface traps. For electron-hole recombination to oc- 
cur, it is necessary to also bring holes to the interface. 
This is achieved by applying a negative gate bias and 
drawing the necessary charge from the large supply of 
holes available from the channel stop regions in the 
direction perpendicular to the plane of the drawing in 
FIG. 7B. The potential at the uiterface is pinned at the 
substrate level when the holes from the channel stop 
regions cover the interface, thus resulting in a phenome- 
non known as surface potential pinning. 

This surface potential pinning is employed in virtual 
phase CCD technology to increase charge handling 
capacity and minimize dark current generation, but can 
occur in any buried-channel device structure with ap- 
propriate gate bias. It is now seen that if the g atej is' 
pulsed between the negative bias Vcr < Vn. wheitg yy f is 
the surface pinning threshold, and someit^Tive bias, 
there will be a certain maximum char jge level which can 
be stored in the channeL^dS^my charge collected 
above this maximum^il?Be subject to removal via the 
electron-hole recpmbinadon process. This principle is 
the basic mechanism used for the electron-hole recom- 
binati om eiiSrge overflow control .tlt^isionlyinecess aia atoi 
40 ,p ulsclSieigatejfrffl uentL^ ^^ 

ifate^utpaces^gieitotaltchar geigerreratiSRI'raS^^ 

To further understand the present invention, the vari- 
ations of the surface potential and the channel potential 
minimum with gate bias are calculated and illustrated in 
FIG. 8, with the corresponding band diagram shown in 
FIG. 9, wherein: 

Minimum potential energy, 
<(>f= Interface potential energy. 
It may be noted from these figures that the difference 
between the surface potential and the channel potential 
minimum is not very strongly dependent on the gate 
bias, and, therefore, without the present anti-blooming 
gate structure, it would be necessary to go to extremely 
high bias levels to achieve complete charge removal by 
the electron-hole recombination mechanism. This is not 
always practical since in the channel stop regions the 
oxide field has a reversed polarity and rises rapidly 
towards its dielectric breakdown value with increasing 
gate voltage. Therefore, it is necessary to utilize an area 
difference between the virtual well and the charge re- 
duction gate in order to accomplish the desired charge 
reduction. 

This can be understood from several simplifying as- 
sumptions. First, it is assumed that the total amount of 
charge that can be stored under any gate is determined 
by the maximum charge storage density corresponding 
to that gate multiplied by the area of the gate. Second, 
the charge storage density is assimied to be the same for 
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all gates. Third, it is assumed that the charge can be> Full well capacity of this device was measured to be 

docked from one gate to another by applying apppro- N>.=200,000 e-, and the anti-bloommg gate area, 

priate bias without changing the storagecapSity. In subtracting the area of the channel stops, is 

this case, if the charge is clocked frgmja^te with a _j*,n-7 ' (t) 

large area where it filled that ar^^^its maximum stor- 5 ^k-^ cm-. 

age capacity into a gate with^a^smaller area, the charge 

will necessarily overflcp^^the interface under the P''^"^ S^^P^ 

smaller gate. By repetifive clocking of the charge back dNbp/dNabp^o.ns (7) 
and forth, makinrccrtain that the pinning threshold is 

alway^^o1M^ and holes supplied to the interface, this j^iis gives a total trap density of 6.3*10»0/cm2. The 

^ef flow charge will be removed by recombination. ,.^3^^^ obtained correlates well with the typical interface 

However, there will always be some charge left which ^^^^ density for SiOa—Si interfaces, 

cannot be removed and which is equal to the charge Another experiment was performed to obt^n-datCon? 

storage capacity of the smaller gate. It is thus necessary emission times of trapped electrons.and'hbl^'on a de- 

in actual device design to optimize the charge reduction ^j^^ employing the present.deyice^The'vdues of these 

gate area to achieve the desired level of charge re- parameters, and the yariatiiiiri^ these values with tem- 

moval. At the same time, however, it is necessary not to peraturepju^im^SS^nt for practical applications of the 

reduce the active surface area excessively, and the num- ij^gmbTnation charge reduction concept In^rticular, 

ber of interface traps with it, so as not to make the it is necessary to know the values of thesc.pafaJneters in 

charge recombination rate ineffective in practical over- Qj-^er to determine the time that^is;:alll)wed between 

load conditions, trapping of one type of cavncx^md bringing the other 

If it is desired to use the "pseudo-interlace" mode of typ^ to the interface for repdmbination. If the trap emis- 

operation, the amount of signal removed from the vir- gion time is very short,;il^may not be practical to switch 

tual well must exceed one-half of the full well capacity. tjje charge reductidlfgate bias fast enough to accom- 

The clocked well is then held at a bias resulting in col- pHsh the recombination. The achievable switching 

lection of the other half of the full well. The appropriate speed mayi^imitcd by external considerations such as 

wells are then combined together just prior to the fast driver-^spl&ed and power, or it may be limited by the 

shift into the memory section. ^ puls^ropagation delays within the imager and the RC 

An experiment was performed tojneasure4he'ium^ time constant of the gate itself, 

ber of electrons recpmbii^^per^t^ gate The emission time measurement experimental setup 

puIse,-Md;tK^^^lialfi^^^ of the number was again arranged as shown in FIG. 3, but with the 

c^^r^^^face traps participating in the process. In resolution target 48 removed. The CCD 36 was opcr- 

this experiment, using the system shown in FIG. 3, a ated using the timing shown in FIGS. 4A-C In this 

laser spot was projected on the imaging section of the 35 experiment, the delays t^ and t* were changed, leaving 

device and the charge reduction gate was operated in the charge reduction gate clocking frequency and the 

the normal mode. The intensity of the laser was ad- remainder of the parameters constant. THe delay t^ was 

justed to provide only a small group of overloaded used to measure the hole emission time and the delay te 

pixels in this operating mode. The charge reduction was used to measure the electron emission time. In this 

gate was then switched to a dc level. This resulted in 40 experiment, as in the previous experiment, the number 

blooming over a larger number of pixels. The additional of overloaded pixels was maintained at a fixed value by 

blooming pixels served as a measure of the number of adjusting the delays t^ and te while the laser intensity 

electrons generated by the laser input which are re- was varied. The change in the level of the recombina- 

moved by the charge reduction gate in the normal tion rate was then found by turning the charge reduc- 

mode, and thus as a measure of the corresponding re- 45 tion gate pulses off and counting the change in the num- 

combination rate. In the next step, the number of charge ber of overioaded pixels. The results of this experiment* 

reduction gate pulses was varied and the intensity of the are plotted in FIG. 11, for two different temperatures 

laser was adjusted to obtain the identical number of 41' G. and 72" C. From the graph of FIG. 11, it can be 

overloaded pixels as in the previous case. The charge seen that the recombination rate follows qu^tatively 

reduction gate pulses were again turned off and the 50 the dependency predicted by equation (4X^d that both 

number of blooming pixels counted. the electron and hole emission tmies/are larger than 

This data is plotted as number of blooming pixels several microseconds, even at elevated temperatures, 

versus number of charge reduction gate pulses in FIG. The finite and given emission rate ^f earners, hol^ in 

10, with the device parameters of particular, from interface tra^^which are refilled at 

55 each clock cycle miplies that a certain minimum transi- 

Vabh='\'5y,t/,-=5OOr^anddNt,p/<iNat^''0M5 tion time is required fo^the described generation- 
recombination processes^ito be active. In addition, if the 

noted thereon. Knowing the full well capacity of this device pulse prop^alon delays also permit a short 

device and the area of the charge reduction gate, the positive charge r^uction gate pulse duration, the hole 

sum of the electron and hole trap density can now be 60 traps can be maintained filled for most of the charge 

obtained using the following formula: reduction gatc^lse cycle and thus the mterface gener- 
ated dark current can be quenched. Therefore, the low 

Ntc'¥Nih=^{Nj^Agr{dNtp^dNabpl (5) dark cur^S" feature of virtual-phase technology ac- 

comphsned by surface pinning of the clocked gate can 

wherein: 65 be^^e^rvcd even if the charge reduction gate is 

N/w= Maximum number of electrons in a well, clpcked. 

Nfrp=NUmber of blooming pixels, Another experiment performed with this device was 

Nflt;,=Number of anti-blooming pixels. aimed at evaluation of hot-hole effects. There is a com- 
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ponent of the dark current which is induced by the The optimum operating point for the charge reduc- 

clocking. This dark current results from impact ioniza- tion gate pulse amplitude and the optimum number of 

tion by holes returning, after the pinning of the clock pulses per integration period for anti-blooming control 

interface, back to the channel stop and the virtual gate can now be determined from the graph in FIG. 13» the 

area. The process is analogous to one occurring in p- 5 graph in FIG. 14, and the desired overload protection 

channel MOS devices where it is known as substrate capability. 

current. The effect is illustrated in FIG. 12, which From the results of the experiments described previ- 
shows an enlarged portion of FIG. 1. After the charge ously and from the description of the device operation, 
reduction gate potential is switched from below the the device performance can be summarized by evaluat- 
pinning level back to a positive bias, some holes are left 10 ing the three most important parameters: overload ca- 
beneath the gate. Since the gate bias is now high, there pacity, dark current, and quantum efficiency. ^ 
will be a large fringing field between the clock gate Overload capacity: This parameter is best expressed 
edge and the virtual-phase gate edge. The residual holes in number of device full well exposures "X" that caVbe 
leaving the clocked gate area will be traveling across handled by the present charge reduction structure when 
this field back to the P+ region and if the field is large, 15 used for anti-blooming. Assuming that the lighysource 
the holes will be heated and cause impact ionization. was projecting its energy onto the imager only for a 
This ionization will produce additional electron-hole portion of the total integration time, the foil o;wi'ng equa- 
pairs and the electrons will be collected as an unwanted tion can be constructed: 
signal. Since it is necessary to clock the charge reduc- 
tion gate many times during the integration period to 20 X=tcx%*{dNbp/dNabp), // (8) 
provide efficient anti-blooming protection overload, the 
resulting ionization effect is multiplied many times and wherein 
could cause a substantial increase in the CCD back- tcx= exposure time, and 
ground dark current level. The hot-hole effect can be f^— gate clocking frequency (s;^*) 
minimized by reducing the fringing fields using meth- 25 From this equation it is seen^thatUie.overload-capa- 
ods adapted from standard MOS devices design and bilit)^f_thc clecU;oi£Hole;re 




fabrication techniques for reduction of substrate cur- (^isjdiminished''jf the light pulse duration is short. How- 



rents. FIG. 13 is a graph showing the dependency of the ever, this is not a problem jin most movie camera appli 



dark level on the maximum excursion of the charge cations where the exposure time is equal to the field 



reduction gate pulse for two different number of clock 30 readout time and the illumination does not vary rapidly 

pulses (2400 and 4900) during the integration period. As with time. 

expected, the pixel daurk level rises as the electrical field Considering a standard TV system for example, the 

is increased very rapidly past a certain threshold, and it readout time is approximately 16 ms and if the anti- 

is also proportional to the number of charge reduction blooming gate pulse frequency is chosen to be 150 kHz, 

gate pulses. 35 the overload capacity will be: 

Another experiment was conducted to measure the 

level of residual charge which is not removed from the ^=i6M0-3M.5'io3*ai26=-3O2. (9) 

anti-blooming gate via surface trap recombination. The yy 

device illumination level was adjusted in the system This level of overload protection is satisfactory for all 

shown in FIG. 3 to obtain a full well signal output and 40 practical applications, such as sunlight reflections from 

the high level of the charge reduction gate clock pulse chrome trimmings on cars in parking lots or reflections 

was gradually increased. The low level of the charge ^from eyeglasses in portrait-type scenes, 

reduction gate clock pulse was kept below the surface Dark current: Addition of a charge reduction gate to 

pinning threshold V^. The results of this experiment are the device structure does not increase the surface gencr- 

shown in FIG. 14, which illustrates normalized CCD 45 ated dark current significantly, as was explained previ- 

output as a function of maximum charge reduction pulse ously. Thus the low dark current feature of virtual 

excursion. From the data shown, it is cleariy evident phase technology is still preserved. It is, however, nec- 

that at the level Vfl/,A=3 V, the charge reduction gate essary to pay attention to hot-hole effects. As can be 

overflows and the charge recombination mechanism seen from the graph in FIG. 13, this is not a problem in 

becomes active. The amount of charge removed is now 50 correctly designed devices for low clocking frequencies 

directly proportional to the gate bias as more and more such as 150 kHz. Addition of a substantial hot-hole 

charge is attracted to the charge reduction gate area. induced dark current would reduce the dynamic range 

As shown in FIG. 14, finally at VaM— 4 V, all the of the device and the signal-to-noise ratio, 

charge from the virtual well is attracted imder the Quantum efficiency: This parameter is easily evalu- 

charge reduction gate and no further charge is recom- 55 ated from the topology of the unit cell given in FIG. 1. 

bined. The signal which is left is then the well capacity Absence of the drains makes the quantum efficiency 

of the charge reduction gate, which for this design is similar to that for devices without charge reduction. If, 

equal to approximately 60 percent of the total device in addition, the gate is fabricated from a transparent and 

capacity. If the charge reduction gate bias is increased conductive material such as Sn02 and the device is 

past this point, the amount of charge removed is now 60 coated with anti-reflection material, the quantum effi- 

govemed by the reduction of the difference between ciency can approach 100 percent This is unparalleled in 

the surface potential and channel minimum potential, other prior anti-blooming structures and becomes criti- 

which is not a strong function of the gate bias as was cally important for applications such as high-resolution 

illustrated in FIG. 8 and is clearly visible in FIG. 14. color CD cameras. 

The measurement was repeated with a different gate 65 In addition to anti-blooming, the structure shown in 

clocking frequency (4900) to make certain that the re- FIG, 1, may be used for other charge reduction func- 

combination rate is much larger than the signal genera- tions such as electronic aperture control and also for 

tion rate in all portions of the graph. gamma correction. When used with electronic aperture 
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control the charge is essentially destroyed during cer- blooming operational level wherein only excess charge 
tain portions of the integration time and signals allowed reduction is required to prevent blooming. The relation- 
to accumulate only for a selected portion of the integra- ship between Tci and T/ is variable, in dependency on 
tion time prior to shift to the memory. This operation is the gamma correction desired. Time Tp, represents the 
the equivalent of closing the peak stop of the lens. It is 5 parallel transfer time. The sum of Tch T/, and Tpi corn- 
also possible to gradually lower the amplitude of the prises the NTSC standard of 1 5 milliseconds. The cycle 
charge reduction clock to effect the time-charge gener- shown in FIG. 16B repeats itself during further opera- 
ation ratio which results in effective gamma ratio differ- tion of the camera, and the relationship between Tc and 
ent than unity. T/ may be automatically varied by a feedback mecha- 

FIGS. 15A-D illustre an example of the use of the 10 nism dependent upon scene illumination. 

VP CCD imager shown in FIG. 1 for TV camera appli- The present charge reduction has been previously 

cations. FIG. ISA illustrates the integration and vertical described with respect to a virtual phase CCD. As indi- 

fly back timing modes of the VP CCD 10. FIG. ISB cated, the present invention may also be utilized with 

illustrates the timing of the transfer from the memory to other charge transfer devices such as a buned-channel 

the serial register linc-by-line. The interconnection of a 15 CCD device. A three-phase buried channel CCD is 

VP CCD memory to a serial register is well known, and illustrated in FIG. 17 and comprises a semiconductor 

is not herein illustrated. The pulses 60 provide timing substrate 80, an oxide layer 82, and terminals 84, 86 and 

for the horizontal fly back of the TV camera and the 88 constructed in the conventional manner. Electrodes 

pulses 62 occur during the vertical fly back time for 84, 86 and 88 are numbered as terminals 1, 2 and 3 for 

frame transfer from the imaging section to the memory 20 ease of explanation. 

section. FIG. ISC illustrates the line readout timing for In normal operating conditions of a buried channel 

the serial register, the readout pulses occuring between CCD device, the gates are clocked between a Vg low 

the horizontal fly back pulses 60. FIG. 15D illustrates and a V^ high signal. V^ high is selected such that elec- 

the timing for the charge reduction gate of the device as trons are confined in a buried channel and do not come 

illustrated in FIG. 1. It may be seen that the pulses 64 25 to the surface where they might be trapped by an mter- 

opcratc to destroy charges as previously described. face trap. V^ low is normally determined by the pomt 

Intermediate DC level 66 is provided so as not to affect where interface is pinned and holes come to the mter- 

the charge transfer during the vertical fly back time. It face. 

is advantageous to have the DC level 68 less than the In the present invention, however, the gate <(>3 is 
Vp threshold in order to minimize dark current genera- 30 clocked above V^ high to V^ high plus, such that the 
tion. The magnitude of the pulses 64 must be sufficient excess electrons from the channel become trapped m 
to provide charge reduction by electron hole recombi- the interface state. <(>3 is then also clocked below the 
nation as previously described. It is not necessary to normal Wg low to Vg low minus, such that holes will 
conUnuously clock the pulses 64 during the horizontal come to the surface and recombine with the trapped 
feedback, for example, as it is possible to clock the 35 electrons. This non-radiative/radiative (via traps) re- 
pulses intermittently in bursts. Thus, burst pulsing hav- combination will destroy the amount of charge propor- 
ing durations less than the readout time of an imaging tional to the interface state density. It may become 
system may accompHsh the charge reduction of the necessary to pulse gate 4»3 several times in rapid succes- 
invention. sion to pump out the desired amount of overflow 

FIGS. 16A-B illustrate the use of the present VP 40 charge. In order not to cause a charge transfer, it is 

CCD 10 for electronic exposure control and gamma necessary to hold an adjacent electrode to the clocked 

correction. As previously noted, the present structure electrode at a DC blocking potential, 

may be used not only for anti-blooming, but for elec- For example, referring to FIG. 17, m operatio^w^th 

tronic aperture control by destroying all the charge the present technique, 4>i is held low to W^oc^jcbarge 

during certain portions of the integration time and al- 45 transfer and <(>2 is held high to storejctiarge. <f>3 is 

lowing accumulation of charge only for a portion of the pumped as described with a chaj^e^Sduction pulse to 

integration time immediately prior to shift to memory, destroy the overflow chargi^^^e-pumping operation of 

thereby providing an equivalent to closing the f-stop of <^3 electrode is illustrat^^,^y>the potential region 90 in 

the lens. In addition, it is possible to gradually lower the FIG. 17. Electrode^ljcompriscs the first electrode in 

amplitude of the charge control clock to effect the time 50 the next scquai^fpree phase electrode combmation. 

charge generation ratio to provide effective gamma The presentinvention may thus be utilized with buned 

control. As shown in FIG. 16A, the integration period chan^^/I^DIievices and other charge transfer devices 

70 may comprise, for example, approximately 15 miUi- tp^proyiae anti-blooming and other functions utiUzmg 

seconds (NTSC standard). The vertical fly back period ^hc^Icctron-hole recombination technique. 

72 is divided into a parallel transfer time 74, 55 FIG. 18 iUustrates a charge injection device (CID) 

The waveform of 16A comprises a typical TV cam- which may be operated according to the present elec- 

era operation with an integration period and a vertical tron-hole recombination technique to provide enhanced 

flyback period. FIG. 16B illustrates the operation of the operation. As is known, the CID device 96 is formed on 

charge reduction pulses of the present invention in a semiconductor substrate 98 and includes an oxide 

order to provide gamma correction. Time Tcf represents 60 layer 100. an electrode 102, and an electrode 104 sepa- 

all charge destroying time, wherein pulses at Vmax are rated by a non-conductive layer 106. As is conventional, 

provided to destory all charge within the VP CCD when used as an imager, the illustrated CID device is 

device 10. Time T/rcpcsents the charge integration time constructed such that the signal at each photo site is 

in which the levels of the charge reduction pulses are detected in an X-Y fashion as in a random access mem- 

gradually reduced as illustrated by the variable ampli- 65 ory. In normal operation, when the potential on both 

tude 76. During the charge integrate time T/, gamma electrodes 102 and 104 is simultaneously lowered, the 

control is provided. The levels of the pulses are reduced charge is injected into Uie substrate and recombined 

to voltage Vat, which comprises the standard anti- therein. The terminal 102 is connected via lead 108 to 
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Operate as a X minus sense line. Terminal 104 is con- 
nected to lead 110 which operates as a Y minus address 
line. The X minus sense line is connected to a sense 
amplifier 112 and also to one terminal of a FET transis- 
tor 114. A reset pulse is applied to the gate of the FET 
114 and a V reference voltage is applied to the remain- 
ing electrode of the FET 114. 

As is known, when the illustrated CID device is oper- 
ated as an imager, charge is accumulated in a well dur- 
ing the integration period. The X sense line 108 is reset 
to V„/by a reset pulse applied to the gate of the FET 
114. The sense line is then left floating. The amplifier 
112 will now sense change in the potential on the sense 
line 108 due to the change in the amount of charge. 

In operation of the present invention, a burst of 15 
charge reduction pulses to the address line 110 will 
serve to pump the electrode 104 in the previously de- 
fined manner in order to cause electron-hole recombina- 
tion to destroy charge. This wiUcause the charge to 
disappear from the well and will change the potential of 20 
the sense line 108. The photo site is then ready to inte- 
grate the new signal. The volage potential waveform of 
FIG. 18 illustrates the operation of the present tech- 
nique, with the charge pumping area being illustrated 
generally by numeral 116. 

With the present invention, it is thus not required to 
rely upon charge injection to the substrate to provide 
charge extraction. Such injection used by previous de- 
vices is slow and often causes charge spreading into the 
neighboring cells. With the present invention, the sub- 30 
strate may be of a very long lifetime and may have a 
very high quantum efficiency. 

It will also be understood that anti-blooming ma^^^be:::? 
provided to CID 96 in accordance^itjh^the^pfesent 
technique by constantly clocking-the linaddressed elec- 35 
trodes at lower ampli|udes^h1ur is required for the 
charge destrp]^ng§^hnique noted above. In this man- 
ner, onlj^^t^'^erflow charge is destroyed as previ- 
ously^escribed. 

The device shown in FIG. 18 thus provides an^iniC40 
proved technique of charge extraction.lrom-phot6cells. 
The technique-mayjigiused-in-normarCCD devices, 
irfcludiiig suffacechannel and buried channel. The tech- 
nique is particularly useful in CID devices with applica- 
tions in the infrared field. As previously noted, the 45 
technique, may be used as an automatic exposure control 
in CCD imagers and also for gamma correction. The 
technique may also be used as a readout scheme for 
RAMS and ROM memory. 

It will thus be seen that the present technique of elec- 50 
tron-hole recombination has a wide range of applica- 
tions for a variety of charge transfer devices, both to 
provide anti-blooming operation as well as to provide 
exposure control, gamma control and improved readout 
techniques. 

Although the preferred embodiment has been de- 
scribed in detail, it should be understood that various 
changes, substitutions and alterations can be made 
therein without departing from the spirit and scope of 
the invention as defined by the appended claims. 
What is claimed is; 
1, A charge transfer imaging device having charge 
removal capabilities comprising: 
a semiconductor substrate of one conductivity type 
having a pair of spaced regions of higher impurity 65 
level of said one conductivity type and including 
means to effect charge transfer along a channel 
therein, 
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an insulating layer on said substrate over said chan- 
nel, 

at least two electrodes disposed over said insulating 
layer, said spaced regions being disposed between 
said electrodes, 

first means coupled to said electrodes for receiving 
and applying to said electrodes charge transfer 
clocking pulses, 

a charge removal gate disposed between said spaced 
regions and adjacent and spaced from said elec- 
trodes, and 

second means operable in a first mode to apply pulses 
of a first amplitude sufficient to remove charge to 
reduce blooming and operable in a second mode to 
apply pulses of a higher amplitude than said first 
amplitude in order to provide imaging exposure 
control coupled to said charge removal gate for 
applying pulses to said charge removal gate in 
order to remove charge through electron-hole 
recombination through interface traps of electrons 
and holes. 

2. The imager device of claim 1 and further wherein: 
said means for applying pulses is successively opera- 
ble in said first and second modes for decreasing 
the amplitude of the pulses from the exposure con- 
trol level to the reduced blooming level in order to 
vary the effective gamma of the imaging device. 

3. The device of claim 1 and further comprising: 

a buried channel of opposite conductivity type for 

charge transfer, and 
virtual phase means including successive regions of 

impurity concentrations higher than said substrate. 

4. The device of claim 3 wherein said clocking pulses 
exceed the surface pinning threshold of said imaging 
device and wherein the frequency of said clocking 
pulses is sufficient to remove charge from said imaging 
device by an electron-hole recombination process 
through interface traps of electrons and holes. 

5. The device of claim 1 wherein said conductive 
layer forms a charge coupled device having three phase 
electrodes, one electrode being held at a low dc poten- 
tial to block charge transfer, a second electrode held 
high to store charge and a third electrode forming said 
charge removal gate for receiving clocking pulses. 

6. A charge transfer imaging device having charge 
control properties comprising: 

a semiconductor substrate of one conductivity type 
including a channel for charge transfer, 

an insulating layer on said substrate over said chan- 
nel, 

a plurality of spaced apart conductive electrodes 
disposed on said insulating layer over said channel, 

said channel divided into a clocked phase and a vir- 
. tual phase between each adjacent electrodes, each 
phase including a storage and a transfer region, 

each said clocked phase and virtual phase comprising 
a cell of at least two regions having different impu- 
rity profiles, and 

a charge control gate electrode disposed between 
adjacent electrodes for receiving charge control 
clocking pulses to remove charge from said device 
by electron-hole recombination through interface 
traps of electrons and holes 

wherein the device is clocked in an integration mode 
and a fast shift mode, in said integration mode said 
conductive electrode held at a dc potential and said 
charge control gate pulsed with said charge con- 
trol clocking p\ilses to remove overflow charge to 
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reduce blooming, in said fast shift mode said con- 
ductive electrode pulsed to facilitate fast charge 
transfer and said charge control gate held at a dc 
potential. 

7. The imaging device of claim 6 wherein said charge 
control gate is pulsed with intermittent bursts of said 
charge control clocking pulses. 

8. The imaging device of claim 6 wherein said charge 
control clocking pulses reduce charge during a portion 



of said integration mode and allow accumulation of 
charge prior to end of said integration mode to provide 
effective aperture control of the device. 

9. The imaging device of claim 6 wherein the ampli- 
tude of the charge control clocking pulses are lowered 
during at least a portion of said integration mode to 
provide an effective gamma different from unity. 
* * * * ♦ 
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